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Clinical Applications of Arterial Stiffness;
Definitions and Reference Values
Michael F. O’Rourke, Jan A. Staessen,
Charalambos Vlachopoulos, Daniel Duprez, and Ge´rard E. Plante
Arterial stiffening is the most important cause of increas-
ing systolic and pulse pressure, and for decreasing dia-
stolic pressure beyond 40 years of age. Stiffening affects
predominantly the aorta and proximal elastic arteries, and
to a lesser degree the peripheral muscular arteries. While
conceptually a Windkessel model is the simplest way to
visualize the cushioning function of arteries, this is not
useful clinically under changing conditions when effects of
wave reflection become prominent. Many measures have
been applied to quantify stiffness, but all are approxima-
tions only, on account of the nonhomogeneous structure of
the arterial wall, its variability in different locations, at
different levels of distending pressure, and with changes in
smooth muscle tone.
This article summarizes the methods and indices used
to estimate arterial stiffness, and provides values from a
survey of the literature, followed by recommendations of
an international group of workers in the field who attended
the First Consensus Conference on Arterial Stiffness,
which was held in Paris during 2000, under the chairman-
ship of M.E. Safar and E.D. Frohlich. Am J Hypertens
2002;15:426–444 © 2002 American Journal of Hyperten-
sion, Ltd.
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A rterial stiffness is emerging as the most importantdeterminant of increased systolic and pulse pres-sure in our aging community, and therefore, the
root cause of a host of cardiovascular complications and
events, including left ventricular hypertrophy and failure,
aneurysm formation and rupture, and a major contributor
to atherosclerotic and small vessel disease and thus to
stroke, myocardial infarction, and renal failure.
Although appreciated for years,1,2 it is only in recent
times, after acceptance of ill effects of systolic pressure in
the elderly, that serious attention has been directed at
precise measurement of arterial stiffness. The issue, al-
though superficially simple, is complex, as older treatises
on the subject will attest.3–5 The purpose of this review is
to introduce the different terms that are used to describe
arterial stiffness, and note their pitfalls and limitations and
to provide normal values, where possible, as a function of
age. Because some terms, which refer to global properties,
imply models of the circulation, it will be necessary ini-
tially to refer to these models.
Models
The oldest model of the arterial system is the Windkes-
sel—the inverted air-filled dome of old fashioned fire
engines that transformed pulsatile flow from a steam or
hand-activated pump into a steady stream through the fire
hose nozzle (Fig. 1A). In this model, the dome represents
the cushioning function of the arteries, and the nozzle, the
peripheral resistance.6 Although conceptually useful, this
model is unrealistic because elastic properties are not
present at just one site but are distributed along the aorta
and major arteries. The pressure wave has a finite wave
velocity in arteries, and in addition, pressure waveforms
are different in amplitude and contour in central and
peripheral arteries.6 Physical properties of arteries are dif-
ferent as well, and different arteries at different sites re-
spond differently to aging, to hypertension, and to drugs.7,8
Value of the Windkessel model is seriously limited as a
comprehensive explanation of arterial behavior under dif-
ferent circumstances, although under some specific cir-
Received August 21, 2001. First Decision October 16, 2001.
Accepted November 6, 2001.
From the St. Vincent’s Hospital/UNSW and St. Vincent’s Clinic
(MFO’R), Sydney, Australia; Studiecoo¨rdinatiecentrum, Katholieke Uni-
versiteit Leuven (JAS), Leuven, Belgium; Department of Cardiology,
Athens University (CV), Athens, Greece; Department of Cardiology and
Angiology, University Hospital (DD), Ghent, Belgium; and University of
Sherbrooke (GP), Service de Ne´phrologie, Quebec, Canada.
Address correspondence and reprint requests to Professor M.F.
O’Rourke, Medical Professorial Unit, St. Vincent’s Hospital, Victoria
Street, Darlinghurst NSW 2010, Australia; e-mail: m.orourke@unsw.
edu.au
AJH 2002; 15:426–444
0895-7061/02/$22.00 © 2002 by the American Journal of Hypertension, Ltd.
PII S0895-7061(01)02319-6 Published by Elsevier Science Inc.
cumstances—the very elderly, the very hypertensive—it
may appear realistic.
The most realistic model of the arterial system is a
simple tube with one end representing the peripheral re-
sistance, and with the other end, receiving blood in spurts
from the heart (Fig. 1).6 A wave generated by cardiac
activity travels along the tube toward the periphery and is
reflected back from the periphery. The pressure wave at
any point along the tube is a resultant of incident and
reflected wave. When the tube is distensible, as in youth,
the wave velocity is slow, therefore reflection returns late
to the heart, in diastole. When the tube wall is stiffened, as
in the elderly, wave travel is fast, and the reflected wave
merges with the systolic part of the incident wave, causing
a high pressure in systole and corresponding low pressure
in diastole throughout the tube (Fig. 2).6
Indices of Arterial Stiffness
A host of indices have been introduced to quantify arterial
stiffness. As is usual when multiple indices exist, no one
has proved superior, and all have problems in measure-
ment and interpretation. The subject was addressed at the
Satellite of the 1994 International Society of Hypertension
(ISH) Meeting in Sydney, and this list of indices was put
forward, and agreed to as an interim measure9,10 (Table 1).
There are reservations on many of these indices, because
they are influenced by one or more of the following: A. use
of inappropriate arterial model (eg, Windkessel); B. as-
sume values of cardiac output that are not, or poorly
validated; C. relate proximal diameter change to pressure
change at a distant site; and D. are influenced by heart rate
or cardiac contractility.
An example of C is that three articles in major cardio-
logic journals during 1999 relate diameter change in the
aorta to systolic pressure in the brachial artery, thus ig-
noring the variable amplification of the pressure pulse
wave between central and peripheral arteries.11–13
Likewise the widely quoted Heart Outcomes Preven-
tion Evaluation study implies that brachial systolic pres-
sure is an appropriate measure of central systolic pressure
and of left ventricular load.14,15 These practical problems
aside, there are fundamental problems in application of
physical terms to arterial stiffness. The arterial media is a
mix of collagen and elastin with consequent nonlinear
relationship between pressure and diameter. Hence, stiff-
ness can only be quantified at a given level of pressure as
the tangent to a curve.6,16 Furthermore, collagen and elas-
tin are linked by smooth muscle whose activity modulates
the contribution of each to arterial stiffness; hence, mea-
sured stiffness varies with smooth muscle tone—as ef-
fected by nervous activity, by hormones, or locally pro-
duced vasoactive substances including nitric oxide
released from the vascular endothelium or by drugs.8,17–19
Furthermore still, because the arterial wall is nonhomog-
enous, application of terms such as Young’s modulus,
which considers wall thickness, but assumes homogeneity
of the wall, may be unrealistic. Finally, muscular arteries
show spontaneous vasomotor changes that cause changes
in diameter and wall stiffness.20,21 These play havoc with
attempts to determine elastic properties in individual ar-
teries. Such spontaneous changes, which are seen also in
FIG. 1. The cushioning and conduit functions of the arterial systemmay be represented separately by a proximal Windkessel with peripheral
distributing tube (A) or by a single distensible tube in which both functions are combined (B). (Reprinted with permission from the publisher
Churchill Livingstone for O’Rourke MF: Arterial Function in Health and Disease. Edinburgh, 1982).42 The left end of the tube represents the
ascending aorta, and the right end, the summation of all arterial/arteriolar junctions.
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the arteriolar network, do not appear to the same extent in
the aorta and large elastic arteries. Because they appear to
be out of phase in different peripheral arterial beds, they
appear to have little effect on global indices such as those
derived from pulse wave contour.
The seminal studies on arterial stiffness were performed
by Bergel3,4 on exteriorized arterial segments. These stud-
ies were extended by Gow and other researchers, with the
field summarized by Gow in the Handbook of Physiology.5
In principle, these studies did not consider change in
smooth muscle tone, as is seen clinically, on arterial stiff-
ness,8,17–19 but did note the complicated interpretations of
arterial stiffness with change in arterial caliber and in
arterial pressure. Of particular difficulty was the issue of
“initial length” of load-bearing elements, as used to deter-
mine elastic modulus and distensibility.
Direct Measurement
Direct measurement of arterial stiffness relates measure-
ment of change in arterial diameter and pressure at the
same site. This can be accomplished invasively with the
FIG. 2. Pressure waves shown schematically in the ascending aorta and radial artery (delayed tracing) of a young adult (A) and older human
subject (B).
Table 1. Definition and units of the various indices of arterial stiffness
Arterial distensibility
Relative diameter (or area) change for a pressure increment; the
inverse of elastic modulus
D/P  D) (mm Hg1)
Arterial compliance
Absolute diameter (or area) change for a given pressure step at fixed
vessel length
D/P (cm/mm Hg) or cm2/mm Hg)
Volume elastic modulus
Pressure step required for (theoretical) 100% increase in volume
P/(V/V) (mm Hg)  P/(D/D) (mm Hg)
where there is no change in length
Elastic modulus
The pressure step required for (theoretical) 100% stretch from resting
diameter at fixed vessel length
(P  D/D) (mm Hg)
Young’s modulus
Elastic modulus per unit area; the pressure step per square centimeter
required for (theoretical) 100% stretch from resting length
P  D/(D  h) (mm Hg/cm)
Pulse wave velocity
Speed of travel of the pulse along an arterial segment
Distance/ t (cm/s)
Pressure augmentation
Increase in aortic or carotid pressure after the peak of blood flow in the
vessel
(mm Hg or as % of pulse pressure)
Characteristic impedance
Relationship between pressure change and flow velocity in the absence
of wave reflections
(P/V) [(mm Hg/cm)/s]
Stiffness index
Ratio of logarithm (systolic/diastolic pressures) to (relative change in
diameter)
  In (Ps/Pd) / [(Ds  Dd)/Dd] (nondimensional)
“Large artery elasticity
index”
Relationship between pressure fall and volume fall in the arterial tree
during the exponential component of diastolic pressure decay
V/P (cm3/mm Hg)
Small artery elasticity
index
Relationship between oscillating pressure change and oscillating volume
change around the exponential pressure decay during diastole
V/P (cm3/mm Hg)
P  pressure; D  diameter; V  volume; h  wall thickness; t  time; s  systolic; d  diastolic.
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Table 2. Indices of arterial stiffness and reference values
INDEX Artery Condition Age Sex Pressure Value Reference Comments
Elastic modulus*
The pressure step required for
(theoretical) 100% stretch
from resting diameter at
fixed vessel length (PD)/
DD (mm Hg)
Ao arch Healthy Av. 33 M/F 118/76 0.526 Isnard et al 198948 Unit: Nxm2
Ao arch Healthy Av. 14 N/A 116/71 23.2 Ong et al 199249 Unit: kPa
Ao arch Healthy Av. 62 M/F 130/77 123 Gatzka et al 199850 Unit: kNxm2
Ao arch CAD Av. 63 M/F 133/74 212 Gatzka et al 198550
Ao arch Hypertensives Av. 38 M/F 160/102 1.071 Isnard et al 198948 Unit: Nxm2
Ao arch Postcoartectomy Av. 13 N/A 122/72 42.1 Ong et al 199249 Unit: kPa
Desc. thoracic Ao Various Av. 53 M/F 124/74 1.19 Pasierski et al 199451 Unit: dynes  106/cm2
Desc. thoracic Ao Various Av. 55 M/F 91.5
(mean)
1.032 Lang et al 199452 Unit: dynes  106/cm2
Desc. thoracic Ao Healthy Av. 47 M 125/78 0.76 Pearson et al 199453 Unit: dynes  106/cm2
Desc. thoracic Ao Healthy Av. 43 F 123/75 0.68 Pearson et al 199453 Unit: dynes  106/cm2
Desc. thoracic Ao Hypertensives Av. 47 M/F 150/92 0.98 Pearson et al 199453 Unit: dynes  106/cm2
Abdominal Ao Healthy Av. 25 M 117/70 0.69 Lanne et al 199254 Unit: dynes  106/cm2
Abdominal Ao Healthy Av. 27 F 120/76 0.52 Sonesson et al
199355
Unit: dynes  105/cm2
Abdominal Ao Healthy 20–39 N/A 120/69 0.736 Kawasaki et al
198756
Unit: dynes  106/cm2
Abdominal Ao Healthy Av. 60 N/A 124/74 1.1 Hirai et al 198926 Unit: dynes  106/cm2
Abdominal Ao CAD Av. 55–59 M/F 128–140/
79–83
1.62–3.08 Harai et al 198926 Unit: dynes  106/cm2
4 subgroups: no
stenosis
3-vessel disease
C Healthy 20–39 N/A 117/70 0.7 Kawasaki et al
198756
Unit: dynes  106/cm2
C Normotensives Av. 56 M/F 113/69 124 Liao et al 199911 Unit: kPa
C Normotensives Av. 47 M/F 115/71 0.71 (effective)/
1.16 (intrinsic)
Bussy et al 200057 Unit: kPa  103
C Healthy Av. 60 N/A 124/74 1.21 Hirai et al 198926 Unit: dynes  106/cm2
C CAD Av. 55–59 M/F 128–140/
79–83
1.23–1.84 Hirai et al 198926 Unit: dynes  106/cm2
4 subgroups: no
stenosis
3-vessel disease
C Hypertensives Av. 56 M/F 124/74 155 Liao et al 199911 Measured at baseline
before development
of hypertension
Unit kPa
C Hypertensives Av. 50 M/F 153/99 1.04 (effective)/
1.02 (intrinsic)
Bussy et al 200057 Unit: kPa  103
B Healthy 20–39 N/A 116/69 0.94 Kawasaki et al
198756
Unit: dynes  106/cm2
Fem Healthy 20–39 N/A 116/68 1.15 Kawasaki et al
198756
Unit: dynes  106/cm2
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Table 2. Continued
INDEX Artery Condition Age Sex Pressure Value Reference Comments
Arterial distensibility*
Relative diameter (or area)
change for a pressure
increment; the inverse of
elastic modulus D/(PD)
mm Hg1
Asc. Ao Healthy Av. 45 M 120/70 3.96 Stefanadis et al
199058
Multiplication by 2
Unit: cm2  dynes1 
106
Asc. Ao Healthy Av. 29 M/F 122/75 5.6 Hirata et al 199159 Multiplication by 2
Unit: cm2  dynes1 
106
Asc. Ao Normotensive Av. 49 M/F 119/74 7.0 Resnick et al 199760 Unit: 103  mm Hg1
Asc. Ao CAD Av. 46 M 118/67 1.60 Stefanadis et al
199058
Multiplication by 2
Unit: cm2  dynes1 
106
Asc. Ao Marfan S. Av. 26 M/F 126/81 2.9 Hirata et al 199159 Multiplication by 2
Unit: cm2  dynes1 
106
Asc. Ao Chronic Ao
Regurg.
Av. 40 M/F 127/60 0.17 Wilson et al 199261 Unit: 102  mm Hg1
Asc. Ao Hypertensive Av. 50 M/F 149/93 2.5 Resnick et al 199760 Unit: 103  mm Hg1
Desc. thoracic Ao Healthy Av. 53 M/F 122/76 3.5 Stefanadis et al
199762
Multiplication by 2
Unit: cm2  dynes1 
106
Desc. thoracic Ao Healthy Av. 50 M 119/75 3.95 Stefanadis et al
199522
Multiplication by 2
Unit: cm2  dynes1 
106
Desc. thoracic Ao Normotensive Av. 49 M/F 119/74 5.1 Resnick et al 199760 Unit: 103  mm Hg1
Desc. thoracic Ao Hypertensive Av. 54 M/F 176/98 1.4 Stefanadis et al
199762
Multiplication by 2
Unit: cm2  dynes1 
106
Desc. thoracic Ao Hypertensive Av. 50 M/F 149/93 2.2 Resnick et al 199760 Unit: 103  mm Hg1
Desc. thoracic Ao CAD Av. 55 M 125/74 1.73 Stefanadis et al
199522
Multiplication by 2
Unit: cm2  dynes1 
106
Abdominal Ao Healthy Av. 29 M/F 122/75 7.7 Hirata et al 199159 Multiplication by 2
Unit: cm2  dynes1 
106
Abdominal Ao Normotensive Av. 49 M/F 119/74 7.3 Resnick et al 199760 Unit: 103  mm Hg1
Abdominal Ao Healthy Av. 36 M/F 114/68 20.5 Jondeau et al 199963 Unit: 103  kPa
Abdominal Ao Healthy Av. 34 M/F 128/77 0.39 Giannattasio et al
199964
Multiplication by 2
Unit: 102  mm Hg1
Abdominal Ao Diabetics type I Av. 32 M/F 128/76 0.335 Giannattasio et al
199964
Multiplication by 2
no complications Unit: 102  mm Hg1
Abdominal Ao Diabetics type I Av. 38 M/F 145/782 0.25 Giannattasio et al
199964
Multiplication by 2
complications Unit: 102  mm Hg1
Abdominal Ao Marfan Av. 26 M/F 126/81 5.5 Hirata et al 199159 Multiplication by 2
Unit: cm2  dynes1 
 106
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Table 2. Continued
INDEX Artery Condition Age Sex Pressure Value Reference Comments
Abdominal Ao Hypertensive Av. 50 M/F 149/93 2.3 Resnick et al 199760 Unit: 103  mm Hg1
Abdominal Ao Marfan Av. 37 M/F 110/64 12.7 Jondeau et al 199963 Unit: 103  kPa
C Healthy Av. 50 M/F 118/71 11.7 (effective)/
9.0 (intrinsic)
Laurent et al 199465 Unit: 103  /kPa
C Healthy Av. 28 M/F 108/63 0.35 Faila et al 199766 Divided by 2 and
multiplied by 
Unit: 103  mm Hg1
C Healthy Av. 38 M/F — 22.8 Kool et al 199467 Multiplied by 2 
Unit: 103  /kPa1
C Healthy Av. 36 M/F 114/68 43.3 Jondeau et al 199963 Unit: 103  /kPa
C Hypertensive Av. 51 M/F 156/93 7.8 (effective)/
10 (intrinsic)
Laurent et al 199465 Unit: 103  /kPa
B Random population
sample
Av. 50 M 132/84 20.9 van der Heijden-
Spek et al 200068
Unit: 103  /kPa
B Random population
sample
Av.50 F 128/81 24.4 van der Heijden-
Spek et al 200068
Unit: 103  /kPa
B Healthy Av.38 — — 5.05 Bank & Kaiser 19988 at 95 mm Hg
Unit: mm Hg1
B Healthy Av. 38 M/F — 30.5 Kool et al 199467 Multiplied by 2
Unit: 103  kPa1
R Normotensive Av.36–41 M/F 121–141/
66–77
(0.67–1.00)*
(0.50–0.90)†
Laurent et al 199369 Multicenter study; *at
mean pressure; †at
100 mm Hg
Unit: 103  mm Hg1
R Healthy Av. 28 M/F 108/63 0.84 Faila et al 199766 Divided by 2 and
multiplied by 
Unit: 103  mm Hg1
R Healthy Av. 55 M/F 127/68 1.4 Giannattasio et al
199770
Langewouters formula
Unit: mm/mm Hg 103
R Healthy Av. 36 M/F 114/68 5.0 Jondeau et al 199963 Unit: 103 kPa1
R Hypertensives Av. 43–50 M/F 163–172/
81–103
(0.41–0.91)*
(0.71–1.10)†
Laurent et al 199369 Multicenter study; *at
mean pressure; †at
100 mm Hg; unit:
103  mm Hg1
R Hypothyroidism Av. 59 M/F 129/69 1.85 Giannattasio et al
199770
Langewouters formula
Unit: mm/mm Hg 103
F Healthy Av. 38 M/F — 21 Kool et al 199467 Multiplied by 2
Unit: 103  kPa1
F Healthy Av. 36 M/F 114/68 7.7 Jondeau et al 199963 Unit: 103 kPa1
Arterial compliance*
Absolute diameter (or area)
change for a given pressure
step at a fixed vessel length
D/(P) cm  mm Hg1
Desc. thoracic Ao Various Av. 55 M/F 92
(mean)
0.010 Lang et al 199452 Unit: cm2/mm Hg
Abdominal Ao Healthy Av. 36 M/F 114/68 27.7 Jondeau et al 199963 Unit: m2  kPa1  107
Abdominal Ao Marfan Av. 37 M/F 110/64 21.6 Jondeau et al 199963 Unit: m2  kPa1  107
C Healthy Av. 38 M/F — 0.84 Kool et al 199467 Multiplied by 2, divided
by 
Unit: mm2  kPa1
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Table 2. Continued
INDEX Artery Condition Age Sex Pressure Value Reference Comments
C Healthy Av. 50 M/F 118/71 8.72 (effective)/
6.9 (intrinsic)
Laurent et al 199465 Unit: m2  kPa1  107
C Healthy Av. 36 M/F 114/68 8.55 Jondeau et al 199963 Unit: m2  kPa1  107
C Hypertensive Av. 51 M/F 156/93 6.31 (effective)/
7.8 (intrinsic)
Laurent et al 199465 Unit: m2  kPa1  107
B Healthy Av. 38 — — 0.010 Bank & Kaiser 19988 at 95 mm Hg
Unit: mm2/mm Hg
B Healthy Av. 38 M/F — 0.47 Kool et al 199467 Multiplied by 2, divided
by 
Unit: mm2  kPa1
B Random population
sample
Av. 50 M 132/84 0.33 van der Heijden-
Spek et al 200068
Unit: mm2/kPa
B Random population
sample
Av. 50 F 128/81 0.25 van der Heijden-
Spek et al 200068
Unit: mm2/kPa
R Normotensive Av. 36–41 M/F 121–141/
66–77
(3.23–4.58)*
(2.8–3.4)†
Laurent et al 199369 Multicenter study; *at
mean pressure; †at
100 mm Hg
Unit: 103  mm2 
mm Hg1
R Healthy Av. 53 M/F 117/64 5.7 Giannattasio et al
199571
Langewouters formula
Unit: mm2/ mm Hg 103
R Healthy Av. 48 M/F 121/73 1.81 Mourad et al 199872 Unit: m2  kPa1  108
R Healthy Av. 36 M/F 114/68 0.22 Jondeau et al 199963 Unit: m2  kPa1  107
R Hypertensives Av. 43–50 M/F 163–172/
81–103
(2.61–4.81)†
(3.4–6.8)†
Laurent et al 199369 Multicenter study; *at
mean pressure; †at
100 mm Hg
Unit: 103  mm2 
mm Hg1
R Hypertensive Av. 57 M/F 179/100 7 Giannattasio et al
199773
Langewouters formula
Isobaric
Unit: mm2/mm Hg 103
R Hypertension
(hypertrophied
artery)
Av. 50 M/F 163/99 1.82 Mourad et al 199872 Unit: m2  kPa1  108
R Hypertension
(remodeled artery)
Av. 49 M/F 166/99 1.03 Mourad et al 199872 Unit: m2  kPa1  108
R Hypercholesterolemia Av. 47 M/F 107/60 2.5 Giannattasio et al
199774
Langewouters formula
Unit: mm2/mm Hg 103
R Congestive heart
failure
Av. 57 M/F 106/62 4.15 Giannattasio et al
199571
Langewouters formula
Unit: mm2/mm Hg 103
F Healthy Av. 38 M/F — 1.28 Kool et al 199467 Multiplied by 2, divided
by 
Unit: mm2  kPa1
F Healthy Av. 36 M/F 114/68 5.3 Jondeau et al 199963 Unit: m2  kPa1  107
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Table 2. Continued
INDEX Artery Condition Age Sex Pressure Value Reference Comments
Young’s modulus*
Elastic modulus per unit area;
the pressure step per 4
square centimeter required
for (theoretical) 100% strech
from resting length P  D/
(D  h) (mm Hg/cm)
Desc. thoracic Ao Healthy Av. 47 M 125/78 7.37 Pearson et al 199453 Unit: dynes  106/cm2
Desc. thoracic Ao Healthy Av. 43 F 123/75 6.03 Pearson et al 199453 Unit: dynes  106/cm2
Desc. thoracic Ao Hypertensives Av. 47 M/F 150/92 13.88 Pearson et al 199453 Unit: dynes  106/cm2
C Normotensives Av. 56 M/F 113/69 678 Liao et al 199911 Unit: kPa
C Hypertensives Av. 56 M/F 124/74 822 Liao et al 199911 Measured at baseline
before development
of hypertension
Unit: kPa
Pulse wave velocity*
Speed of travel of the pulse
along an arterial segment
Distance/t (cm/s)
Asc. Ao Healthy Av. 34 M/F 117/77 668 Murgo et al 198075
Asc. Ao Healthy
(majority)
Av. 38 M/F — 387 Merillon et al 197676
Asc. Ao Hypertensives Av. 32 M/F — 570 Merrillon et al 197676
Asc. Ao Healthy Av. 42 M/F Mean 91 440 Latham et al 198577
Thoracic Ao Healthy Av. 42 M/F Mean 91 530 Latham et al 198577
Abdominal Ao Healthy Av. 42 M/F Mean 91 570 Latham et al 198577
Iliac Healthy Av. 42 M/F Mean 91 880 Latham et al 198577
B Healthy Av. 38 — — 1510 Bank & Kaiser 19988 at 95 mm Hg
Ao Arch to Fem Healthy/low
prevalence of
Hypertensive
Av. 46
(approx)
M/F —  5.1  age 
533
Avolio et al 198578 Site to site
Ao Arch to Fem Healthy/high
prevalence of
Hypertensive
Av. 46
(approx)
M/F — 9.2  age 
615
Avolio et al 198578 Site to site
Asc. Ao or C-Fem Healthy Elderly Av. 70 M/F 140/73 906 Chen et al 199979 Suprastenal notch to
femoral
Ao Arch or C-Fem End-stage renal
disease
Av. 52 M/F 157/85 1110 Blacher et al 199980 Site to site or distance
subtraction
C-Fem Healthy Av. 33 M/F 118/76 890 Isnard et al 198948 Site to site
C-Fem Healthy whites Av. 25 M 120/78 815 Ferreira et al 199981 Site to site
C-Fem Healthy African
Americans
Av. 23 M 119/77 775 Ferreira et al 199981 Site to site
C-Fem Healthy Av. 24 M 118/68 620 Kingwell et al 199782 Distance subtraction
C-Fem Healthy Av. 29 M/F 122/75 950 Hirata et al 199159 Site to site
C-Fem Healthy Av. 52 M/F 141/82 930 London et al 19928 Distance subtraction
C-Fem Healthy Av. 62 M/F 143/89 980 Breithaupt-Grogler et
al 199783
Site to site
C-Fem Random
population
sample
no cardiovasc.
Treatment or
complication
Av. 46 M/F 98–222/
62–130
0.07 
SP0.09 
age4.3
Asmar et al 199584 Site to site
C-Fem Normotensives Av. 45 M/F 125/77 0.06 
age5.7  102
Asmar et al 199585 Site to site
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Table 2. Continued
INDEX Artery Condition Age Sex Pressure Value Reference Comments
C-Fem Random population
sample
Av. 50 M 132/84 700 van der Heijden-
Spek et al 200068
Distance subtraction
C-Fem Random population
sample
Av. 50 F 128/81 670 van der Heijden-
Spek et al 200068
Distance subtraction
C-Fem Hypertensive Av. 38 M/F 160/102 1180 Isnard et al 198948 Site to site
C-Fem Hypertensives
treated
Av. 59 M/F 144/82 0.11 
age3.5  102
Asmar et al 199585 Site to site
C-Fem Hypertensives
untreated
Av. 48 M/F 164/102 0.12 
age6.3  102
Asmar et al 199585 Site to site
C-Fem Hypertensive
no vasc. Dis
Av. 57 M/F 144/83 1240 Bortolotto et al
199986
Site to site
C-Fem Hypertensive
no vasc. Dis.
Av. 62 M/F 148/83 1430 Bortolotto et al
199986
Site to site
C-Fem Hypertensive whites Av. 28 M 151/94 880 Ferreira et al 199981 Site to site
C-Fem Hypertensive
African
Americans
Av. 29 M 152/97 930 Ferreira et al 199981 Site to site
C-Fem Hypertensive no
atherosclerosis
Av. 57 M/F 144/84 1240 Blacher et al 199987 Site to site
C-Fem Hypertensive
atherosclerosis
Av. 67 M/F 149/80 1490 Blacher et al 199987 Site to site
C-Fem Marfan Av. 26 M/F 126/81 1160 Hirata et al 199159 Distance subtraction
C-Fem Chronic uremia Av. 53 M/F 153/81 1035 London et al 199228 Site to site
B-R Healthy Av. 39 M 132/78 880 Armentano et al
199188
Site to site
B-R Healthy/low
prevalence of
hypertension
Av. 46
(approx)
M/F — 0.61 
age817
Avolio et al 198578 Site to site
B-R Healthy/high
prevalence of
hypertension
Av. 46
(approx)
M/F — 4.8Age998 Avolio et al 198578 Site to site
B-R Normotensives Av. 40 M 132/78 880 Simon et al 198589 Site to site
B-R Hypertensives Av. 43 M 168/98 1150 Simon et al 198589 Site to site
B-R Hypertensive Av. 43 M 168/98 1160 Armentano et al
199188
Site to site
Fem-foot Healthy/low
prevalence of
hypertension
Av. 46
(approx)
M/F — 4.43Age718 Avolio et al 198578 Site to site
Fem-foot Healthy/high
prevalence of
hypertension
Av. 46
(approx)
M/F — 5.6Age791 Avolio et al 198578 Site to site
Fem-foot Healthy Av. 24 M 118/68 830 Kingwell et al 199782 Site to site
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Table 2. Continued
INDEX Artery Condition Age Sex Pressure Value Reference Comments
Characteristic impedance*
Relationship between pressure
change and flow velocity in
the absence of wave
reflections P/v
(mm Hg)(cm  s)
Asc. Ao Healthy Av. 34 M/F 117/77 47 Murgo et al 198075 Unit: dyne  s  cm5
Asc. Ao Healthy
(majority)
Av. 38 M/F — 73 Merillon et al 197676 Unit: dyne  s  cm5
Asc. Ao CAD (majority) Av. 47 — 100 (mean) 97 O’Rourke and Avolio
198090
Unit: dyne  s  cm5
Asc. Ao Healthy
(majority)
Av. 42 M/F 121/78 94 Ting et al 198634 Unit: dyne  s  cm5
Asc. Ao Hypertensives Av. 35 M/F 168/99 146 Ting et al 198634 Unit: dyne  s  cm5
Asc. Ao CAD Av. 56 M/F 126/71 136 Kelly and Fitchett
199291
Unit: dyne  s  cm5
Asc. Ao Hypertensives Av. 32 M/F — 81 Merrillon et al 197676 Unit: dyne  s  cm5
Asc. Ao Heart failure 21–70 M/F 89 (mean) 138 Binkley et al 199092 Unit: dyne  s  cm5
Stiffness index
Ratio of logarithm (systolic/
diastolic pressures) to
(relative change in
diameter) ln
(Ps/Pd)/[(DsDd)/Dd]
nondimensional
Asc. Ao Healthy Av. 29 M/F 112/75 5.9 Hirata et al 199159
Asc. Ao Marfan Av. 26 M/F 126/81 10.9 Hirata et al 199159
Ao arch Healthy Av. 14 N/A 116/71 2.17 Ong et al 199249 Did not divide by Dd?
Ao arch Healthy Av. 62 M/F 130/77 9 Gatzka et al 199850
Ao arch CAD Av. 63 M/F 133/74 16 Gatzka et al 199850
Ao arch Post
coartectomy
Av. 13 N/A 122/72 3.66 Ong et al 199249 Did not divide by Dd?
Desc. thoracic Ao Various Av. 53 M/F 124/74 3.77 Pasierski et al 199451
Desc. thoracic Ao Healthy Av. 47 M 125/78 5.71 Pearson et al 199453
Desc. thoracic Ao Healthy Av. 43 F 123/75 5.10 Pearson et al 199453
Desc. thoracic Ao Hypertensives Av. 47 M/F 150/92 13.88 Pearson et al 199453
Abdominal Ao Healthy 6-81 N/A Normotensive 4.29–9.83 Kawasaki et al
198756
4 different age groups
Abdominal Ao Healthy Av. 29 M/F 112/75 3.9 Hirata et al 199159
Abdominal Ao Healthy Av. 60 N/A 124/74 8.58 Hirai et al 198926
Abdominal Ao CAD Av. 55–59 M/F 128–140/79–83 12.25–22.37 Hirai et al 198926 4 subgroups: no
stenosis
3-vessel disease
Abdominal Ao Marfan Av. 26 M/F 126/81 7.1 Hirata et al 199159
C Healthy 6–81 N/A Normotensive 4.32–11.31 Kawasaki et al
198756
4 different age groups
C Normotensives Av. 56 M/F 113/69 10.3 Liao et al 199911
C Healthy Av. 60 N/A 124/74 9.17 Hirai et al 198926
C CAD Av. 55–59 M/F 128–140/79–83 9.42–13.17 Hirai et al 198926 4 subgroups: no
stenosis
3-vessel disease
C Hypertensives Av. 56 M/F 124/74 11.87 Liao et al 199911 Measured at baseline
before development
of hypertension
B Healthy 6–81 N/A Normotensive 8.56–13.73 Kawasaki et al
198756
4 different age groups
F Healthy 6–81 N/A Normotensive 9.41–15.31 Kawasaki et al
198756
4 different age groups
(continued)
4
3
5
A
JH
–M
ay
2
0
0
2
–V
O
L.
1
5
,
N
O
.
5
A
R
T
E
R
IA
L
S
T
IF
F
N
E
S
S
,
D
E
F
IN
IT
IO
N
S
,
R
E
F
E
R
E
N
C
E
V
A
L
U
E
S
Table 2. Continued
INDEX Artery Condition Age Sex Pressure Value Reference Comments
Capacitative compliance
Relationship between pressure
fall and volume fall in the
arterial tree during the
exponential component of
diastolic pressure decay
V/P (cm3/mm Hg)
Proximal part of
circulation
Normotensive Av. 47 M/F 115/63 2.2 Cohn et al 199524
Proximal part of
circulation
Healthy Av. 50 — 138/75 1.71 Duprez et al 199893
Proximal part of
circulation
Healthy 21–80 (M)/
22–83 (F)
M/F 125/68 &
120/66
2(M)/1.7(F) McVeigh et al 199933
Proximal part of
circulation
Heart failure Av. 59 — 116/69 1.51 Duprez et al 199893
Proximal part of
circulation
Hypertensive Av. 54 M/F 152/86 1.95 Cohn et al 199524
Proximal part of
circulation
No CAD Av. 53 F 123/68 1.8 Cohn et al 199524
Proximal part of
circulation
CAD Av. 55 F 132/70 1.8 Cohn et al 199524
Oscillatory compliance
Relationship between
oscillating pressure change
and oscillating volume
change around the
exponential pressure decay
during diastole V/P (cm3/
mm Hg)
Distal part of
circulation
Normotensive Av. 47 M/F 115/63 0.075 Cohn et al 199524
Distal part of
circulation
Healthy Av. 50 — 138/75 0.054 Duprez et al 199893
Distal part of
circulation
Healthy 21–80 (M)/
22–83(F)
M/F 125/68 &
120/66
0.08(M)/
0.056(F)
McVeigh et al 199933
Distal part of
circulation
Heart failure Av. 59 — 116/69 0.050 Duprez et al 199893
Distal part of
circulation
Hypertensive Av. 54 M/F 152/86 0.05 Cohn et al 199524
Distal part of
circulation
No CAD Av. 53 F 123/68 0.065 Cohn et al 199524
Distal part of
circulation
CAD Av. 55 F 132/70 0.05 Cohn et al 199524
Total arterial compliance
“Area method”
Whole body Normotensive Av. 43 N/A 120/77 1.47 Liu et al 198994 At mean pressure
Units: mL/mm Hg
Whole body Hypertensive 37 N/A 166/99 0.80 Liu et al 198994 At mean pressure
Units: mL/mm Hg
Whole body Normotensive Av. 33 M/F 112/74 2.15 Ting et al 199595 At mean pressure
Units: mL/mm Hg
Whole body Hypertensive Av. 33 M/F 161/100 1.03 Ting et al 199595 At mean pressure
Units: mL/mm Hg
Whole body Healthy Av. 23 F 106/63 0.57 Rajkumar et al
199796
Arbitrary units
dimensionally equivalent
to mL/mm Hg
Whole body Healthy Av. 60 F 123/82 0.34 McGrath et al
199897
Arbitrary units
dimensionally equivalent
to mL/mm Hg
Whole body Healthy
sedentary
Av. 26 M 109/63 0.54 Bertovic et al
199998
Arbitrary units
dimensionally equivalent
to mL/mm Hg
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ultrasound/catheter tip manometer tip system introduced
by Stefanadis et al.22 Similar approaches can be applied
noninvasively at different sites. Diameter change, although
small, can be measured accurately,17–19 but there are prob-
lems in estimation of pressure change at the same site.
Amplification of the pressure pulse along the arterial tree
is not the only problem.6 Inaccuracy of all cuff sphygmo-
manometer systems23,24 is another.
In measurements of pressure and diameter, stiffness
(Table 1) can be expressed as: Distensibility, Compliance,
Elastic modulus (Peterson), Elastic modulus (Young). Dis-
tensibility is the relative change in diameter with pressure,
compliance is the absolute change in diameter (or volume)
with pressure, elastic modulus is pressure change required
for (theoretic) 100% increase in diameter, and Young’s
modulus is pressure change per square centimeter for
(theoretic) 100% extension. The different indices, as dis-
cussed at the 1994 ISH Satellite Meeting are described in
Table 1. Table 2 gives normal values as determined in
multiple studies.
The most hallowed (and still probably the best) mea-
sure of arterial stiffness is pulse wave velocity
(PWV).2,6,25 This quantity is related to the Young’s mod-
ulus (E) of a thin-walled homogenous elastic tube by the
formula: PWV  E  h/2r , where  is the density of
fluid within (blood is approximately 1.05) and h/2r is the
wall thickness/diameter.6
Pulse wave velocity is measured as the difference be-
tween two recording sites in the line of pulse travel, and
the delay between corresponding points on the wave (of
pressure or of flow), which are not influenced by wave
reflection. The wave front or initial upstroke is the usual
point of reference in the two waveforms.25
Practical problems in measurement of pulse wave ve-
locity arise when convenient points of measurement (eg,
carotid and femoral artery) are not in the same line of
travel, and in determining the actual arterial distance be-
tween recording sites from measurements on the surface of
the body. Pulse wave velocity in large central elastic
arteries such as the aorta increases markedly with age,
whereas that in upper limb muscular arteries PWV does
not increase (Fig. 3A).
Characteristic impedance is another valuable index of
arterial stiffness, and relates absolute arterial pressure at a
site to absolute velocity of flow at the same site in the
absence of wave reflections.6 Characteristic impedance
(Zc) is related to PWV by the formula Zc  PWV   .
Because  (density of blood) is approximately unity, these
values are numerically almost identical when expressed as
centimeters per second and as dyne second per cubic
centimeters.6 It is difficult to measure characteristic im-
pedance by noninvasive methods because of the difficul-
ties in excluding effects of wave reflection, and the com-
pounding of errors in measuring noninvasive flow and
noninvasive pressure.
Because all values of arterial stiffness are pressureTa
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FIG. 3. Age-related changes in apparently normal populations. A) Brachial and aortic pulse wave velocity (Australian cohort). (Reprinted
with permission from Ho K: Effects of ageing on arterial distensibility and left ventricular load in an Australian population. BSc(Med) thesis.
University of New South Wales, Australia, 1982.)43 B) Radial (left) and carotid (right) pressure waveforms, plotted as ensemble-averaged
waveforms by decade, in a cohort of 1004 normal Australian subjects. (Reprinted with permission from Kelly R, et al: Non-invasive
determination of age-related changes in the human arterial pulse. Circulation 1989;80:1652–1659.)27 C) Ascending aortic augmentation
index (augmentation pressure/pulse height) in a combined group of US and Japanese patients with chest pain syndrome and normal coronary
arteries, undergoing cardiac catheterization. From Murgo et al44 and Takazawa.32 D) Change in augmentation index (augmentation/pulse
height) in the radial artery (bottom line) and carotid artery (center line), calculated from data in B, compared to the regression line for
aortic augmentation index in C. E) Quartiles of systolic, diastolic, mean, and pulse pressure as a function of age in the original Framingham
cohort. (Reprinted with permission from Franklin SS, et al: Hemodynamic pattern of age-related changes in blood pressure: the Framingham
Heart Study. Circulation 1997;96:308–315.)40 PWV  pulse wave velocity; AG  augmentation; PH  pulse height.
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dependent, comparisons must relate to the same distending
pressure. Attempts have been made to measure “isobaric”
indices 16 or to adjust for the (almost) logarithmic rela-
tionship between stiffness indices and pressure.26 Differ-
ences are often seen with differences in heart rate, but
these are relatively small, at least in exteriorized arter-
ies,4,5 and are not apparent in determinations of PWV or
characteristic impedance.
Manifestations of
Arterial Stiffness
Manifestations of arterial stiffness include effects of stiff-
ness on the arterial pressure (or flow) wave. The influence
of stiffness is apparent on the arterial pressure wave re-
corded noninvasively by applanation tonometry in the
radial or carotid artery (Fig. 3B). Change in stiffness is
responsible for the characteristic changes in the pressure
waves with aging,27 and in the pressure wave that can be
generated in the ascending aorta recorded directly (Fig. 2)
or estimated from the radial waveform, using generalized
transfer function techniques.6,19
The arterial pressure wave has two principal compo-
nents—the wave generated by the heart, which travels
away from the heart, and the reflected wave, which returns
to the heart from peripheral sites, predominantly in the
lower part of the body. Techniques exist for distinguishing
these two components, and these are based on identifica-
tion of the foot of the reflected wave, as this modifies the
predicted initial wave contour. The time from the initial
wave foot to reflected wave foot is generally less than the
period of ventricular ejection, and therefore, is identifiable
FIG. 3. Continued.
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in systole. This time is related to aortic pulse wave veloc-
ity (Fig. 4), 25,28 and can be used as an index of aortic
PWV. Also useful is the increase in pressure after the
reflected wave foot—the pressure wave augmentation dur-
ing systole.6,27 This is a manifestation rather than a mea-
sure of arterial stiffness, and represents the pressure boost
with which the left ventricle must cope and which is
caused by wave reflection. Aortic pressure wave augmen-
tation can be measured from the transfer function process6
or can be gauged directly from the carotid artery
pulse.6,19,27 It varies from less than zero at age 18 to a
value approximating 50% of pulse pressure at age 80 years
(Fig. 3C).6,19 At any age aortic pressure wave augmenta-
tion is greater than carotid augmentation, and carotid aug-
mentation is greater than radial augmentation (Fig. 3D).
Augmentation varies with heart rate,29 with heart fail-
ure,6,30,31 and with drug therapy.6,18 When factors are
equivalent, it is a measure of arterial stiffness. When other
factors are not equal, it is a manifestation of wave reflec-
tion. In the presence of heart failure due to systolic left
ventricular dysfunction, any interpretation of pressure
wave augmentation must consider the shape of the aortic
flow wave.6,30–32
Another method of pulse wave analysis concentrates
exclusively on the diastolic part of the arterial pressure
wave, and seeks to separate the exponential pressure wave
decay in a modified Windkessel model from the effects of
the damped sinusoidal wave caused by wave reflec-
tion.24,33 This is difficult when most of the wave reflection
is in systole rather than in diastole, and when the position
of the reflected wave can increase or lower pressure at the
point where diastole is taken to start, and from which the
exponential decay is calculated. Other problems with this
approach include failure to consider the difference (usually
about 12 mm Hg) between end-systolic pressure in central
and peripheral arteries, and the need to estimate cardiac
output from the pressure wave itself. (In validation studies
of one device there was a better correlation between a line
horizontal to the measured flow axis than the regression
line to data points relating estimated and measured
FIG. 4. Relationship between time from wave foot to initial systolic inflection of the carotid pressure waveform (ordinate), and carotid–
femoral pulse wave velocity (abcissa). (Reprinted with permission from London G, et al: Increased systolic pressure in chronic uremia: role
of arterial wave reflections. Hypertension 1992;20:10–19.)28 Method of calculating time delay is illustrated as t. PP  pulse pressure.
Table 3. Relationship between components of ar-
terial pressure and coronary heart disease risk at
different ages; Framingham initial cohort and off-
spring study36
Age
<40
40–49
Years
50–59
Years
60
Years
DBP 1.54‡ 1.28† 1.14* 1.12
SBP 1.16* 1.15† 1.09† 1.17‡
PP 0.84†, 1.16 1.12* 1.24‡
DBP  diastolic blood pressure; SBP  systolic blood pressure; PP 
pulse pressure.
Hazard ratio/10 mm Hg.
* P  .05; † P  .01; ‡ P  .001.
 in males 0.71 (negative relation P  .05).
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flow.24) With respect to pressure measurement, at high
heart rates, the level of the incisura, which corresponds to
aortic valve closure in the radial artery, may be actually
lower than end-diastolic pressure, therefore the estimate of
exponential decay and total arterial compliance may be-
come negative (Takazawa K, personal communication).
The method for calculating total arterial compliance34
also requires noninvasive estimation of cardiac output and
assumption of a Windkessel model of the arterial tree in
which no wave reflection exists.
Pulse pressure increases with age (Fig. 3E). Brachial
pulse pressure has recently been confirmed as a robust
index of cardiovascular events in persons aged more than
50 years.35 In persons aged less than 40 years, this rela-
tionship ceases to be true, and in men less than 40 years
there is an inverse relationship between brachial pulse
pressure and coronary events (Table 3).36 Such an appar-
ent anomaly is readily explained on the basis of different
amplification of the pulse wave between the central aorta
and the brachial artery with age, and this is a manifestation
of pulse wave reflection (Fig. 5). 37 In major studies, there
is a plateau in brachial systolic pressure between age 17
years (when the body is fully grown) and age 40 years. At
less than 17 years and more than 40 years, brachial systolic
pressure increases steeply with age (Fig. 5).
This review is directed at arterial stiffness and its mea-
surement, not at wave reflection and its implications. The
two are related,6,19 and to a large extent can be separated.
The therapeutic effects of vasodilator drugs on conduit
arteries appear to be most pronounced on arteries smaller
than those described here38,39 and are manifest as a reduc-
tion in wave reflection, with a decrease in pressure wave
augmentation.6,19,32 This needs to be discussed in a sepa-
rate consensus conference.
Recommendations
1. As a generic term, stiffness is preferable, especially
to compliance, which is more frequently used to
describe adherence with therapy or advice, or adher-
ence to protocol.
2. For regional measurements, diameter and pressure
should be measured at the same point. When this
cannot be done, note should be made of possible
confounders, such as age, drugs, or heart rate.
3. For regional and other measurements, note should
be made of distending pressure, and comparisons
made at the same distending pressure. If technical
correction for distending pressure is not possible,
FIG. 5. Change in brachial systolic pressure with age shows a steep rise from age 10 to a plateau when full body height is reached at age 18,41
then a subsequent rise after age 45 years. Data from National Heart Foundation of Australia,46 US National Health Survey (white males),46
Framingham,40 Staessen et al,45 and Uiterwaal et al,41 summarized in reference 37.
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validated statistical “adjustment” should be carried
out and clearly described.
4. For indices that give absolute values, absolute initial
size should always be given.
5. For global measures of arterial mechanics, analysis
of the arterial pressure waveform is often performed.
Although various techniques (and underlying mod-
els) are used, they should all take into account
anterograde and reflected waves as important com-
ponents of the measured waveform.
6. A preference is given to pure physical measures.
7. Reference values for all arterial properties must be
given as a function of age.
8. Indices (Table 2) should be comprehensively appli-
cable under different conditions.
References
1. Roy CS: The elastic properties of the arterial wall. J Physiol 1880;
3:125–159.
2. Bramwell JC, Hill AV: Velocity of transmission of the pulse wave
and elasticity of arteries. Lancet 1922;1:891–892.
3. Bergel DH: The static elastic properties of the arterial wall.
J Physiol 1961;156:445–457.
4. Bergel DH: The dynamic elastic properties of the arterial wall.
J Physiol 1961;156:458–469.
5. Gow BS: Circulatory correlates: vascular impedance, resistance and
capacity, in Bohr DF, Somlyo AP, Sparks HVJ (eds): Handbook of
Physiology, section 2, The Cardiovascular System, vol. 2, Vascular
Smooth Muscle. Bethesda, American Physiological Society, 1980,
pp 353–408.
6. Nichols WW, O’Rourke MF: McDonald’s Blood Flow in Arteries,
4th ed. London, Arnold, 1998.
7. Boutouyrie P, Laurent S, Benetos A, Girerd XJ, Hoeks AP, Safar
ME: Opposing effects of ageing on distal and proximal large arteries
in hypertensives. J Hypertens 1992;10:S87–S91.
8. Bank AJ, Kaiser DR: Smooth muscle relaxation—effect on arterial
compliance, distensibility, elastic modulus, and pulse wave velocity.
Hypertension 1998;32:356–359.
9. O’Rourke MF: Mechanical principles in arterial disease. Hyperten-
sion 1995;26:2–9.
10. O’Rourke MF, Mancia G: Arterial stiffness (invited editorial). J Hy-
pertens 1999;17:1–4.
11. Liao D, Arnett DK, Tyroler HA, Riley WA, Chambless LE, Szklo
M, Heiss G: Arterial stiffness and the development of hypertension:
the ARIC study. Hypertension 1999;34:201–206.
12. Simons PCG, Algra A, Bots ML, Grobbee DE, van der Graaf Y, for
the SMART Study Group. Common carotid intima-media thickness
and arterial stiffness: indicators of cardiovascular risk in high-risk
patients; the SMART Study (Second Manifestations of ARTerial
disease). Circulation 1999;100:951–957.
13. Mann DL: Mechanisms and models in heart failure: a combinatorial
approach. Circulation 1999;100:999–1008.
14. Heart Outcomes Prevention Evaluation Study Investigators: Effects
of an angiotensin-converting-enzyme inhibitor, Ramipril, on death
from cardiovascular causes, myocardial infarction, and stroke in
high-risk patients. N Engl J Med 2000;342:145–153.
15. O’Rourke MF, Nichols WW: Effect of ramipril on cardiovascular
events in high-risk patients. N Engl J Med 2000;343:64–65.
16. Simon AC, O’Rourke MF, Levenson J: Arterial distensibility and its
effect on wave reflection and cardiac loading in cardiovascular
disease. Coronary Artery Dis 1991;2:1111–1120.
17. Safar ME, London GM, Asmar RG, Hugues CJ, Laurent SA: An
indirect approach for the study of the elastic modulus of the brachial
artery in patients with essential hypertension. Cardiovasc Res 1986;
20:563–567.
18. Safar ME, Laurent SL, Bouthier JD, London GM, Mimran AR:
Effect of converting enzyme inhibitors on hypertensive large arteries
in humans. J Hypertens 1986;4:S285–S289.
19. O’Rourke MF, Safar ME, Dzau V (eds): Arterial Vasodilation:
Mechanisms and Therapy. London, Edward Arnold/Philadelphia,
Lea & Febiger, 1993, pp 78–89, 91–101, 149–163.
20. Hayoz D, Tardy Y, Rutschmann B, Mignot JP, Acharri H, Feihl F,
Meister JJ, Waeber B, Brunner HR: Spontaneous diameter oscilla-
tions of the radial artery in humans. Am J Physiol 1993;264:H2080–
H2084.
21. Hofstra J, Willigers JM, Huvers FC, Schaper NC, Kester AD,
Kistlaar PJ, Hoeks AP: Short-term variation in the elastic properties
of muscular artery in humans. Clin Sci Colch 1994;86:567–574.
22. Stefanadis C, Stratos C, Vlachopoulos C, Marakas S, Boudoulas H,
Kallikazaros I, Tsiamis E, Toutouzas K, Sioros L, Toutouzas P:
Pressure–diameter relationship of the human aorta—a new method
of determination by the application of a special ultrasound dimen-
sion catheter. Circulation 1995;92:2210–2219.
23. White WB, Berson AS, Robbins C, Jamieson MJ, Prisant LM,
Roccella E, Sheps SG: National standard for measurement of resting
and ambulatory blood pressures with automated sphygmomanome-
ters. Hypertension 1993;21:504–509.
24. Cohn JN, Finkelstein S, McVeigh G, Morgan D, LeMay L, Robin-
son J, Mock J: Noninvasive pulse wave analysis for the early
detection of vascular disease. Hypertension 1995;26:503–508.
25. Asmar R: Arterial Stiffness and Pulse Wave Velocity. Amsterdam,
Elsevier, 2000, pp 9–15.
26. Hirai T, Sasayama S, Kawasaki T, Yagi S: Stiffness of systemic
arteries in patients with myocardial infarction. Circulation 1989;80:
78–86.
27. Kelly R, Hayward C, Avolio A, O’Rourke MF: Non-invasive de-
termination of age-related changes in the human arterial pulse.
Circulation 1989;80:1652–1659.
28. London G, Guerin A, Pannier B, Marchais S, Benetos A, Safar M:
Increased systolic pressure in chronic uremia: role of arterial wave
reflections. Hypertension 1992;20:10–19.
29. Wilkinson IB, MacCallum H, Flint L, Cockcroft JR, Newby DE,
Webb DJ: The influence of heart rate on augmentation index and
central arterial pressure in humans. J Physiol 2000;525:263–270.
30. Westerhof N, O’Rourke MF: Hemodynamic basis for the develop-
ment of left ventricular failure in systolic hypertension and for its
logical therapy. J Hypertens 1995;13:943–952.
31. Sakai T, Takazawa K, Fujita M: Changes in flow velocity pattern in
the left ventricular outflow tract before and after administration of
nitroglycerin as assessed by Doppler echocardiography. J Cardiol
(Japan) 1993;23:25–33.
32. Takazawa K: A clinical study of the second component of left
ventricular systolic pressure. J Tokyo Med Coll 1987;45:256–270.
33. McVeigh GE, Bratteli CW, Morgan DJ, Alinder CM, Glasser SP,
Finkelstein SM, Cohn JM: Age-related abnormalities in arterial
compliance identified by pressure pulse contour analysis; aging and
arterial compliance. Hypertension 1999;33:1392–1398.
34. Ting CT, Brin KP, Lin SJ, Wang SP, Chang MS, Chiang BN, Yin
FCP: Arterial hemodynamics in human hypertension. J Clin Invest
1986;78:1462–1471.
35. Franklin SS, Khan SA, Wong ND, Larson MG, Levy D: The
importance of pulse pressure and systolic blood pressure in predict-
ing coronary heart disease in older adults: the Framingham Heart
Study. Circulation 1999;100:354–360.
36. Franklin SS, Khan SA, Wong ND, Larson MG, Levy D: The
relation of blood pressure to coronary heart disease risk as a function
of age: The Framingham Heart Study. J Am Coll Cardiol 2000;
35(suppl A):291.
37. O’Rourke MF: Isolated systolic hypertension, pulse pressure, and
arterial stiffness as risk factors for cardiovascular disease. Curr
Hypertens Rep 1999;3:204–211.
442 AJH–May 2002–VOL. 15, NO. 5ARTERIAL STIFFNESS, DEFINITIONS, REFERENCE VALUES
38. Fitchett DH, Simkus GJ, Beaudry JP, Marpole DG: Reflected pres-
sure waves in the ascending aorta: effect of glyceryl trinitrate.
Cardiovasc Res 1988;22:494–500.
39. Yaginuma T, Avolio A, O’Rourke M, Nichols W, Morgan JJ, Roy
P, Baron DW, Branson J, Feneley MP: Effect of glyceryl trinitrate
on peripheral arteries alters left ventricular hydraulic load in man.
Cardiovasc Res 1986;20:153–160.
40. Franklin SS, Gustin W 4th, Wong ND, Larson MG, Weber MA,
Kannel WB, Levy D: Hemodynamic patterns of age-related changes
in blood pressure: the Framingham Heart Study. Circulation 1997;
96:308–315.
41. Uiterwaal CS, Anthony S, Launer LJ, Witteman JC, Trouwborst
AM, Hofman A, Grobbee DE: Birth weight, growth, and blood
pressure: an annual follow-up study of children aged 5 through 21
years. Hypertension 1997;30:267–271.
42. O’Rourke MF: Arterial Function in Health and Disease. Edinburgh,
Churchill Livingstone, 1982.
43. Ho K: Effects of ageing on arterial distensibility and left ventricular
load in an Australian population. BSc (Med) thesis, University of
New South Wales, Australia, 1982.
44. Murgo JP, Westerhof N, Giolma JP, Altobelli SA: Aortic input
impedance in normal man: relationship to pressure wave shapes.
Circulation 1980;62:105–116.
45. Staessen J, Amery A, Fagard R: Isolated systolic hypertension in the
elderly. J Hypertens 1990;8:393–405.
46. National Heart Foundation of Australia Report: Heart and stroke
facts. Canberra: National Heart Foundation of Australia, 1995.
47. Burt VL, Whelton P, Roccella EJ, Brown C, Cutler JA, Higgins M,
Horan MJ, Labarthe D: Prevalence of hypertension in the US adult
population. Results from the Third National Health and Nutrition
Examination Survey 1988–1991. Hypertension 1995;25:305–313.
48. Isnard RN, Pannier BM, Laurent S, London GM, Diebold B, Safar
ME: Pulsatile diameter and elastic modulus of the aortic arch in
essential hypertension: a noninvasive study. J Am Coll Cardiol
1989;13:399–405.
49. Ong CM, Canter CE, Gutierrez FR, Sekarski DR, Goldring DR:
Increased stiffness and persistent narrowing of the aorta after suc-
cessful repair of coarctation of the aorta: relationship to left ven-
tricular mass and blood pressure at rest and with exercise. Am
Heart J 1992;123:1594–1600.
50. Gatzka CD, Cameron JD, Kingwell BA, Dart AM: Relation between
coronary artery disease, aortic stiffness, and left ventricular structure
in a population sample. Hypertension 1998;32:575–578.
51. Pasierski TJ, Binkley PF, Pearson AC: Evaluation of aortic disten-
sibility with transesophageal echocardiography. Am Heart J 1992;
123:1288–1292.
52. Lang RM, Cholley BP, Korcarz C, Marcus RH, Shroff SG: Mea-
surement of regional elastic properties of the human aorta. A new
application of transesophageal echocardiography with automated
border detection and calibrated subclavian pulse tracings. Circula-
tion 1994;90:1875–1882.
53. Pearson AC, Guo R, Orsinelli DA, Binkley PF, Pasierski TJ: Trans-
esophageal echocardiographic assessment of the effects of age,
gender, and hypertension on thoracic aortic wall size, thickness, and
stiffness. Am Heart J 1994;128:344–351.
54. Lanne T, Sonesson B, Bergqvist D, Bengtsson H, Gustafsson D:
Diameter and compliance in the male human abdominal aorta:
influence of age and aortic aneurysm. Eur J Vasc Surg 1992;6:178–
184.
55. Sonesson B, Hansen F, Stale H, Lanne T: Compliance and diameter
in the human abdominal aorta—the influence of age and sex. Eur J
Vasc Surg 1993;7:690–697.
56. Kawasaki T, Sasayama S, Yagi S, Asakawa T, Hirai T: Non-
invasive assessment of the age related changes in stiffness of major
branches of the human arteries. Cardiovasc Res 1987;21:678–687.
57. Bussy C, Boutouyrie P, Lacolley P, Challande P, Laurent S: Intrin-
sic stiffness of the carotid arterial wall material in essential hyper-
tensives. Hypertension 2000;35:1049–1054.
58. Stefanadis C, Stratos C, Boudoulas H, Kourouklis C, Toutouzas P:
Distensibility of the ascending aorta: comparison of invasive and
non-invasive techniques in healthy men and in men with coronary
artery disease. Eur Heart J 1990;11:990–996.
59. Hirata K, Triposkiadis F, Sparks E, Bowen J, Wooley CF, Boudou-
las H: The Marfan syndrome: abnormal aortic elastic properties.
J Am Coll Cardiol 1991;18:57–63.
60. Resnick LM, Miltitianu D, Cunnings AJ, Pipe JG, Evelhoch JL,
Soulen RL: Direct magnetic resonance determination of aortic dis-
tensibility in essential hypertension: relation to age abdominal vis-
ceral fat, and in situ intracellular free magnesium. Hypertension
1997;30[part 2]:654–659.
61. Wilson RA, McDonald RW, Bristow JD, Cheitlin M, Nauman D,
Massie B, Greenberg B: Correlates of aortic distensibility in chronic
aortic regurgitation and relation to progression to surgery. J Am Coll
Cardiol 1992;15:733–738.
62. Stefanadis C, Dernellis J, Vlachopoulos C, Tsioufis C, Tsiamis E,
Toutouzas K, Pitsavos C, Toutouzas P: Aortic function in arterial
hypertension determined by pressure–diameter relation: effects of
diltiazem. Circulation 1997;96:1853–1858.
63. Jondeau G, Boutouyrie P, Lacolley P, Laloux B, Dubourg O, Bour-
darias JP, Laurent S: Central pulse pressure is a major determinant
of ascending aorta dilatation in Marfan syndrome. Circulation 1999;
99:2677–2681.
64. Giannattassio C, Failla M, Piperno A, Grappiolo A, Gamba P,
Paleari F, Mancia G: Early impairment of large artery structure and
function in type I diabetes mellitus. Diabetologia 1999;42:987–994.
65. Laurent S, Caviezel B, Beck L, Girerd X, Billaud E, Boutouyrie P,
Hoeks, Safar M: Carotid artery distensibility and distending pres-
sure in humans. Hypertension 1994;23[part 2]:878–883.
66. Failla M, Grappiolo A, Carugo S, Calchera I, Giannattasio C,
Mancia G: Effects of cigarette smoking on carotid and radial artery
distensibility. J Hypertension 1997;15:1659–1664.
67. Kool MJ, van Merode T, Reneman RS, Hoeks AP, Struyker Boudier
HA, Van Bortel LM: Evaluation of reproducibility of a vessel wall
movement detector system for assessment of large artery properties.
Cardiovasc Res 1994;28:610–614.
68. van der Heijden-Spek JJ, Staessen JA, Fagard RH, Hoeks AP,
Boudier HA, van Bortel LM: Effect of age on brachial artery wall
properties differs from the aorta and is gender dependent: a popu-
lation study. Hypertension 2000;35:637–642.
69. Laurent S, Hayoz D, Trazzi S, Boutouyrie P, Waeber B, Omboni S,
Brunner HR, Mancia G, Safar ME: Isobaric compliance of the radial
artery is increased in patients with essential hypertension. J Hyper-
tens 1993;11:89–98.
70. Giannatasio C, Rivolta MR, Failla M, Mangoni AA, Stella ML,
Mancia G: Large and medium sized artery abnormalities in un-
treated and treated hypothyroidism. Eur Heart J 1997;18:1492–
1498.
71. Giannattasio C, Failla M, Stella ML, Mangoni A, Carugo S, Pozzi
M, Grassi G, Mancia G: Alteration of radial artery compliance in
patients with congestive heart failure. Am J Cardiol 1995;76:381–
385.
72. Mourad JJ, Girerd X, Boutouyrie P, Safar M, Laurent S: Opposite
effects of remodeling and hypertrophy on arterial compliance in
hypertension. Hypertension 1998;31:529–533.
73. Giannattasio C, Mangoni AA, Failla M, Stella ML, Carugo S,
Bombelli M, Sega R, Mancia G: Combined effects of hypertension
and hypercholesterolemia on radial artery function. Hypertension
1997;29:583–586.
74. Giannattasio C, Mangoni A, Failla, Carugo S, Stella ML, Stefanoni
P, Grassi G, Vergani C, Mancia G: Impaired radial artery compli-
ance in normotensive subjects with familial hypercholesterolemia.
Atherosclerosis 1996;124:249–260.
75. Murgo JP, Westerhof N, Giolma JP, Altobelli SA: Aortic input
impedance in normal man: relationship to pressure wave forms.
Circulation 1980;62:105–116.
443AJH–May 2002–VOL. 15, NO. 5 ARTERIAL STIFFNESS, DEFINITIONS, REFERENCE VALUES
76. Merillon JP, Motte G, Masquet C, Guiomard A, Baudouy Y, Gour-
gon R: Evaluation of static elasticity and characteristic impedence of
the aorta. Their relationships with age, aortic pressure and ventric-
ular ejection resistance. Arch Mal Coeur Vaiss 1976;69:653–659.
77. Latham RD, Westerhof N, Sipkema P, Rubal BJ, Reuderink P,
Murgo JP: Regional wave travel and reflections along the human
aorta: a study with six simultaneous micromanometric pressures.
Circulation 1985;72:1257–1269.
78. Avolio AP, Deng FQ, Li WQ, Luo YF, Huang ZD, Xing LF,
O’Rourke MF: Effects of aging on arterial distensibility in popula-
tions with high and low prevalence of hypertension: comparison
between urban and rural communities in China. Circulation 1985;
71:202–210.
79. Chen CH, Nakayama M, Talbot M, Nevo E, Fetics B, Gerstenblith
G, Becker LC, Kass DA: Verapamil acutely reduces ventricular–
vascular stiffening and improves aerobic exercise performance in
elderly individuals. J Am Coll Cardiol 1999;33:1602–1609.
80. Blacher J, Guerin AP, Pannier B, Marchais SJ, Safar ME, London
GM: Impact of aortic stiffness on survival in end-stage renal disease.
Circulation 1999;99:2434–2439.
81. Ferreira AV, Viana MC, Mill JG, Asmar RG, Cunha RS: Racial
differences in aortic stiffness in normotensive and hypertensive
adults. J Hypertens 1999;17:631–637.
82. Kingwell BA, Berry KL, Cameron JD, Jennings GL, Dart AM:
Arterial compliance increases after moderate-intensity cycling.
Am J Physiol 1997;273:H2186–H2191.
83. Breithaupt-Grogler K, Ling M, Boudoulas H, Belz GG: Protective
effect of chronic garlic intake on elastic properties of aorta in the
elderly. Circulation 1997;96:2649–2655.
84. Asmar R, Benetos A, Topouchian J, Laurent P, Pannier B, Brisac
AM, Target R, Levy BI: Assessment of arterial distensibility by
automatic pulse wave velocity measurement. Validation and clinical
application studies. Hypertension 1995;26:485–490.
85. Asmar R, Benetos A, London G, Hugue C, Weiss Y, Topouchian J,
Laloux B, Safar M: Aortic distensibility in normotensive, untreated
and treated hypertensive patients. Blood Press 1995;4:48–54.
86. Bortolotto LA, Safar ME, Billaud E, Lacroix C, Asmar R, London
GM, Blacher J: Plasma homocysteine, aortic stiffness, and renal
function in hypertensive patients. Hypertension 1999;34:837–842.
87. Blacher J, Asmar R, Djane S, London GM, Safar ME: Aortic pulse
wave velocity as a marker of cardiovascular risk in hypertensive
patients. Hypertension 1999;33:1111–1117.
88. Armentano R, Simon A, Levenson J, Chau NP, Megnien JL, Pichel
R: Mechanical pressure versus intrinsic effects of hypertension on
large arteries in humans. Hypertension 1991;18:657–664.
89. Simon AC, Levenson J, Bouthier J, Safar ME, Avolio AP: Evidence
of early degenerative changes in large arteries in human essential
hypertension. Hypertension 1985;7:675–680.
90. O’Rourke MF, Avolio A: Pulsatile flow and pressure in human
systemic arteries. Studies in man and in a multibranched model of
the human systemic arterial tree. Circ Res 1980;46:363–372.
91. Kelly R, Fitchett D: Noninvasive determination of aortic input
impedance and external left ventricular power output: a validation
and repeatability study of a new technique. J Am Coll Cardiol
1992;20:952–963.
92. Binkley PF, Van Fossen DB, Nunziata E, Unverferth DV, Leier CV:
Influence of positive inotropic therapy on pulsatile hydraulic load
and ventricular–vascular coupling in congestive heart failure. J Am
Coll Cardiol 1990;15:1127–1135.
93. Duprez DA, De Buyzere ML, Rietzschel ER, Taes Y, Clement DL,
Morgan D, Cohn JN: Inverse relationship between aldosterone and
large artery compliance in chronically treated heart failure patients.
Eur Heart J 1998;19:1371–1376.
94. Liu Z, Ting CT, Zhu S, Yin F: Aortic compliance in human
hypertension. Hypertension 1989;14:129–136.
95. Ting CT, Chen JW, Chang MS, Yin F: Arterial hemodynamics in
human hypertension. Hypertension 1995;25:1326–1332.
96. Rajkumar C, Kingwell BA, Cameron JD, Waddell T, Mehra R,
Christophidis N, Komesaroff PA, McGrath B, Jennings GL, Sudhir
K, Dart AM: Hormonal therapy increases arterial compliance in
postmenopausal women. J Am Coll Cardiol 1997;30:350–356.
97. McGrath BP, Liang YL, Teede H, Shiel LM, Cameron JD, Dart A:
Age-related deterioration in arterial structure and function in post-
menopausal women: impact of hormone replacement. Arterioscler
Thromb Vasc Biol 1998;18:1149–1156.
98. Bertrovic DA, Waddell TK, Gatzka CD, Cameron JD, Dart AM,
Kingwell BA: Muscular strength training is associated with low
arterial compliance and high pulse pressure. Hypertension 1999;33:
1385–1391.
99. Waddell TK, Rajkumar C, Cameron JD, Jennings GL, Dart AM,
Kingwell BA: Withdrawal of hormonal therapy for 4 weeks de-
creases arterial compliance in postmenopausal women. J Hypertens
1999;17:413–418.
444 AJH–May 2002–VOL. 15, NO. 5ARTERIAL STIFFNESS, DEFINITIONS, REFERENCE VALUES
